Introduction
Progress in the growth of high-quality diamond by chemical vapor deposition (CVD) led to the recent development of compact (crystal length < 10 mm) and powerful diamond Raman lasers (DRL) [1] operated in a wide wavelength range, from deep UV [2] to the visible [3, 4] , near-IR [5] [6] [7] [8] to mid-IR spectrum [9] both in cw [10, 11] and pulsed regimes [7, 12, 13] . Diamond is an attractive medium for Raman lasers due to its unique combination of optical and thermal properties, such as record-high thermal conductivity of 2000-2300 W mK −1 at RT [14, 15] , a high Raman gain coefficient of 12.5 cm GW −1 at λ = 1240 nm [16] to 78 cm GW −1 at 355 nm [17] , a very wide optical transmission window (from 225 nm to far IR), a low thermal expansion coefficient 0.8 × 10
, and high chemical resistance. Because of the large Raman shift of 1332 cm −1 for diamond, the DRL provides a convenient method to shift a Nd laser pump at 1064 nm to longer wavelengths, to 1st Stokes at 1240 nm and to 2nd Stokes in the eyesafe wavelength of 1485 nm [7, 12, 13] . The efficient operation of a pulsed DRL at 1240 nm and 1485 nm with output power up to 14.5 W was reported when pumped with a Q-switched Nd:YVO 4 laser (22 ns pulses at a 36.5 kHz) [7] . The 43% conversion efficiency for the 2nd order, the total efficiency of 48.5% to both orders, and pulse energy (1485 nm) of 0.36 mJ were achieved. Sabella et al [12] demonstrated the 1485 nm external cavity DRL operating on the 2nd Stokes shift of a Q-switched 1.064 μm Nd:YAG pump laser, with the slope efficiency of 56% yet with a moderate output pulse energy at 1485 nm of 0.32 mJ. That group also reported a close value for output pulse energy (0.4 mJ) for DRL emitting at 1240 nm [18] . The aim of this work was to increase output pulse energy at both the 1240 nm and 1485 nm wavelengths of DRL with optimized external cavity, pumped with a Q-switched 1.064 μm Nd:YAG laser rather than to maximize the output power. Here we report on DRL emitting nanosecond pulses at the 1st and 2nd Stokes with enhanced (0.6-1.2 mJ) energy in a selected Stokes order. Although the pulse repetition rate of the pumping laser was limited in the present work to 30 Hz only, the extraordinary thermal properties of diamond should enable a good scalability to higher repetition rates to realize highenergy high-power DRLs [19] .
External-cavity diamond Raman laser performance at 1240 nm and 1485 nm wavelengths with high pulse energy
Experimental
Two single crystal (1 0 0) oriented CVD diamond samples grown by microwave plasma CVD on Ib type HPHT (produced by high-pressure high-temperature technique) diamond substrates [15] were used in the experiment. The sample #1 has been separated from the substrate by laser cutting and then polished from all sides to obtain the plate with dimensions 7.8 × 7.8 × 1.05 mm. The second sample, 4.8 mm long and not separated from the substrate was a CVD-on-HPHT diamond bi-layer, each layer 0.5 mm thick (only the generation in the top CVD layer was studied). The four (1 1 0) side facets on both crystals were anti-reflection coated (residual reflectivity per surface of 0.1%, 0.4%, and 2.1% for 1064, 1240 and 1485 nm wavelengths respectively). Figure 1 shows the experimental set-up for the DRL performance measurements. The external Raman cavity was pumped by a the flashlamp-pumped Q-switched Nd:YAG laser operating in TEM 00 mode at 1.064 μm with 20 mJ pulses of 30 ns duration at a repetition rate of 30 Hz (output beam diameter of ~1.5 mm, divergency ~1 mrad). The pump beam was focused with a lens L1 (F = 300 mm) in the middle of the diamond in a spot 240 μm in diameter. The DRL cavity consisted of an input concave mirror with radius of curvature R = 100 mm and output plane mirror M. The cavity length L was varied from 72-95 mm. The calculated waist of TEM 00 cavity mode at the output mirror varied from 272 μm ( λ = 1240 nm) and 297 μm (λ = 1485 nm) for L = 72 mm to 215 μm (λ = 1240 nm) and 235 μm (λ = 1485 nm) for L = 95 mm. These values are close to the waist of the focused pump. The difference l(n − 1)/n = 2.8÷4.5 mm between the real and the effective cavity length due to propagation inside the diamond with the refractive index n = 2.4 and the length l = 4.8÷7.8 mm was taken into account, the given values for the mode waist refer to the longer sample. The diamond crystal was placed on a copper heatsink close (<4 mm) to the output mirror so that a variation of the mode size inside the crystal was insignificant.
The Faraday rotator FR and polarizer P1 prevented the back reflection to the Nd:YAG laser cavity and ensure stable pulse shape and beam quality. The power incident on the Raman cavity was varied using a half-wave plate ( λ /2). The propagation direction in the diamond was along the <1 1 0> direction.
The pump polarization was aligned with the polarizer P1 close to the <1 1 1> axis of the crystal to maximize the Raman gain [18] . The energy and pulse duration of the pump and Stokes pulses was measured by a pyroelectric detector Ophir PE-09 and a photodiode Thorlabs DET 10A/M respectively. The spectral content was measured with 0.2 nm spectral resolution using a monochromator M150-III and an InGaAs detector UC-16H914 (Solar LS) with optical signal delivered to the monochromator slit with an optical fiber.
The input coupler was transmitting (90%) at the pump and highly reflecting (>99%) at 1240 nm and 1485 nm. The output coupler was highly reflecting at the pump and provided a higher transmission at the 1st or 2nd Stokes output wavelengths. The DRL cavity was optimized by a proper match of the cavity length and input and output coupler transmissions (see table 1 for the combinations used with five output couplers).
Results
With the output coupler M1 (its transmission T = 69% is the same both for 1st and 2nd Stokes) the DRL generated predominantly at 1485 nm wavelength. Total Raman output pulse energy increases almost linearly with the pump energy as shown in figure 2 for sample #1 and for different cavity lengths. At the maximum pump energy the 1st Stokes contributes less than 6% energy to the total Raman emission. The highest slope efficiency η of 24% was observed for 90 mm long cavity, while for shorter of longer cavities either a lower slope or saturation in energy are observed. A higher output energy for this cavity length was noted also for some other couplers (the single mode beam was kept for all the cavity configurations), therefore the value of L = 90 nm was chosen for further tests. When the output couplers M4 and M5 with high transmission at 1485 nm, or M3 with high transmission for pump and high reflection at 1240 nm, were used, Raman generation took place at 1240 nm only. The output pulse energy at 1st Stokes as function of pump energy is shown in figure 3 for cavities with output mirrors M3, M4 and M5. The latter coupler (T = 59% @ 1240 nm) is found to be optimal, resulting in 1.5 mJ threshold energy, 1.2 mJ maximum pulse energy at the 1st Stokes, slope of 54%, and 28% energy conversion efficiency for sample #1 (7.8 mm). A certain reduction in efficiency is seen, however, for the pump energies above 4 mJ. The crystal #2 (4.8 mm) revealed an increase in threshold pump energy up to 2.5 mJ and a factor of two smaller slope efficiency (η = 25%) even for this optimal coupler M5, that can be ascribed to the shorter length, and possibly to a more defective structure as well. Therefore the major part of the measurements was performed for larger sample #1.
The Raman generation at 1485 nm wavelength dominated if output couplers M1 (T 1485 = 69%) and M2 (T 1485 = 90%) were used. A better performance with maximum 2nd Stokes energy of 0.7 mJ and slope efficiency of 24% was demonstrated with the coupler M1 (figure 4). In spite of almost 100% reflection for the 1st Stokes for the coupler M2, the conversion efficiency to the 2nd Stokes with that mirror decreases due to its too high transmission. Finally, with coupler M4 with moderate reflectivity both at 1240 and 1485 nm wavelengths a generations of 1st and 2nd Stokes proceeds simultaneously, with slope efficiency reaching 36% at 1240 nm.
Achieved output pulse energies both for the 1st and 2nd Stokes are to our knowledge higher than ever reported for DRL pumped with nanosecond pulses at 1064 nm wavelength, in spite of the moderate energy conversion efficiency of 28% for 1st Stokes (compare to record 61% power efficiency [18] ) and 16% for 2nd Stokes (compare to 48% [7] ). The 1.2 mJ output energy at 1240 nm in the present work is three times higher compared to 0.40 mJ obtained by Sabella et al [18] , while the output energy of 0.7 mJ at 1485 nm is a factor of two higher than 0.36 and 0.28 mJ reported by McKay et al [7, 19] . Moreover, owing to the cavity optimization the achieved pulse energy for the 1st Stokes is higher than not only for nanosecond infrared DRL, but also for the DRL operated in the visible (0.67 mJ at 573 nm) [20] .
The decrease in conversion efficiency observed for the 1st Stokes at pump energies above 4.0 mJ could be caused by a thermal lensing effect. The defect absorption being ignored the heating of the diamond proceeds due to decay of the Ramangenerated optical phonons. For the 1st Stokes generation with output Raman energy E St the energy dissipated to heat is (hν R /hν St 
where w is mode radius, l is crystal length, ρ and C p are mass density and heat capacity of diamond respectively. The temperature rise (the maximum δT ≈ 0.6 K is estimated from (1)) leads to the variations of the refractive index δn(x) = dn/ dT × δT(x) and to thermal expansion of the crystal. For a parabolic approximation of temperature profile, focus length F t of the induced lens is calculated from
where the mean effective focal length is taken as the value at the moment of the peak laser power. Since thermal expansion coefficient α = 10 −6 K −1 is the order of magnitude lower than dn / dT = 9.7 × 10 −6 K −1 [21] , the thermal expansion term in (2) can be neglected. The calculated focus distance of the thermal lens is F t = 114 mm at E St =0.45 mJ, decreasing to F t = 93 mm at E st = 0.55 mJ, and to F t = 86 mm at E St = 0.6 mJ. With the thermal lens 'placed' in the cavity the diameter of TEM 00 mode increases from 236 μm to 324 μm at E St = 0.45 mJ. It further expands with pump energy to 427 μm at E St = 0.55 mJ, and above 0.6 mJ the resonator becomes unstable. In our opinion, at a certain moment of the Stokes pulse generation the increase of the mode radius begins to limit the further strength of the thermal lens, but leads to a smaller Raman gain. This corroborates the suggestion that the observed reduction in conversion efficiency at high pump energies is of thermal origin.
Conclusions
We demonstrated a Raman laser with external-cavity configuration based on single crystal CVD diamond pumped with a Q-switched Nd:YAG and generating at 1st and 2nd Stokes (1240 nm and 1485 nm) with enhanced output energy. The diamond Raman laser energetic parameters are studied using an optimized cavity. With the slope efficiency of 54% the output energy up to 1.2 mJ in a single pulse at 1240 nm has been achieved. In the eye-safe spectral region at 1485 nm the slope efficiency of 24% and the pulse energy of 0.70 mJ were obtained, the maximum energies both at the 1st and 2nd Stokes exceeding the previously reported values. The estimates show that the thermal lens effect becomes significant when the Stokes pulse energy approaches to the level of ~0.5 mJ, leading to a reduction in slope efficiency as observed in the experiment.
